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ABSTRACT
As a neutron star spins down, the gradual decrease of the centrifugal force produces
a progressive increase of the density of any given fluid element in its interior. Since the
\chemical" (or \beta") equilibrium state is determined by the local density, this process
leads to a chemical imbalance quantied by a chemical potential dierence, e.g.,  
n−p−e, where n, p, and e denote neutrons, protons, and electrons. In the presence
of superfluid energy gaps, in this case n and p, reactions are strongly inhibited as
long as both  and kT are much smaller than the gaps. Thus, no restoring mechanism
is available, and the imbalance will grow unimpeded until  = thr  n+p. At this
threshold, the reaction rate increases dramatically, preventing further growth of , and
converting the excess chemical energy into heat. The thermal luminosity resulting from
this \rotochemical heating" process is L  2  10−4(thr=0:1 MeV) _Erot, similar to the
typical x-ray luminosity of pulsars with spin-down power _Erot. The threshold imbalance,
and therefore the luminous stage, are only reached by stars whose initial rotation period
is Pi < 12(thr=0:1 MeV)
1=2 ms, i.e., millisecond pulsars. A preliminary study of eleven
millisecond pulsars with reported ROSAT observations shows that the latter can already
be used to start constraining superfluid energy gaps in the theoretically interesting range,
 0:1− 1 MeV.
Subject headings: dense matter | equation of state | stars: neutron | pulsars: general
| ultraviolet: stars | X-rays: stars
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1. Introduction
The precise timing of radio pulsars allows an ex-
cellent determination of neutron star rotation periods,
P , and their (positive) time derivatives, _P , which in
turn yield the characteristic time scales for spin-down,
ts  P=(2 _P )  103 − 1010 yr (Taylor, Manchester,
& Lyne 1993). At least some of these objects are
born in supernova explosions, after which they are
hot (T  1011 K) and spin with periods of a few tens
of milliseconds. Standard models of cooling through
neutrino and photon emission leave neutron stars with
negligible internal heat after  107 yr (Nomoto &
Tsuruta 1987; Page & Applegate 1992), while they
gradually spin down.
Millisecond pulsars are faster (P  1:5 − 10 ms),
older (ts > 10
8 yr), and less magnetized (with surface
magnetic eld strengths B  108−9 G) than ordinary
pulsars, and usually have binary companions, most
often cool white dwarfs (Phinney & Kulkarni 1994).
This combination of properties has led to the sugges-
tion that these stars have been \recycled" through
accretion from a binary companion, which gave them
additional angular momentum and, perhaps, reduced
their magnetic eld (Bisnovatyi-Kogan & Komberg
1975; Bhattacharya & van den Heuvel 1991). The
temperatures of the white dwarf companions, when
compared with cooling models, provide an indepen-
dent age estimate, tc, which tends to be smaller than
ts, though not by a large factor (Kulkarni 1986; Bell,
Bailes, & Bessell 1993; Lorimer et al. 1995; Bell et
al. 1995; Alberts et al. 1996; Lundgren et al. 1996a;
Lundgren, Foster, & Camilo 1996b). This conrms
that these are old systems, in which the pulsar has al-
ready lost a considerable amount of rotational energy
(similar or somewhat smaller than that which it cur-
rently carries) and essentially all the thermal energy
it originally contained.
Neutron star cores are usually assumed to contain
neutrons, protons, electrons, in the denser central re-
gion also muons, and possibly other kinds of particles.
More exotic possibilities, such as \free" quark cores or
even \strange stars" composed exclusively of a mix-
ture of u, d, and s quarks not conned into hadrons
(plus a small admixture of electrons) also cannot be
excluded at present.
Within the standard scenario, it was proposed
decades ago that both neutrons and protons should
form Cooper pairs (bound by strong interactions) and
undergo a superfluid transition at a still very un-
certain temperature Tc  109−10 K (Migdal 1960;
Ginzburg & Kirzhnits 1965; Sauls 1989), much lower
than the nucleon Fermi temperatures TF  1012 K,
but higher than temperatures expected inside ob-
served neutron stars (T < 10
8 K), and particularly
in ms pulsars. In spite of the long and distinguished
history of interest in the subject, there has been little
observational evidence for it, mostly limited to glitch
dynamics, which is interpreted in terms of pinning
and unpinning of neutron superfluid vortices to the
solid lattice in the inner crust (Pines & Alpar 1985).
In the superfluid state, the density of quasiparti-
cle states as a function of energy has a gap between
EF− and EF+, whereEF is the Fermi energy and
 is the gap parameter (Tilley & Tilley 1990). Neu-
trons in the stellar crust and protons in the core are
expected to have an isotropic gap (with   1:76kTc
at T = 0) like that in laboratory superconductors,
whereas core neutrons should have a more compli-
cated, anisotropic gap (Amundsen & stgaard 1985).
At low temperatures, kT  , the number of occu-
pied states above the gap and that of empty states
below it are proportional to  exp(−=kT ), which
suppresses the heat capacity and the equilibrium re-
action rates by similar factors (Levensh & Yakovlev
1992a,b), strongly aecting the thermal evolution of
neutron stars. There have been attempts to use x-
ray observations of cooling neutron stars to constrain
the energy gaps (Page & Applegate 1992; Page 1994,
1995), but so far the results are not very conclusive
(Page 1996).
In this paper, I discuss how the presence of super-
fluid energy gaps delays and enhances the recently
proposed process of \rotochemical heating" (Reiseneg-
ger 1995; hereafter R95), leading to substantial ther-
mal emission from ancient millisecond pulsars. The
presence or absence of this emission can therefore be
used to constrain the value of the gaps. The next
section describes the physical model, which is applied
to observational data in x3 to obtain preliminary con-
straints. In x4 the results are discussed and improve-
ments are suggested.
2. The model
The fast rotation rate, Ω = 2=P , of ms pulsars
produces a strong centrifugal force, which reduces
their internal density by =  −Ω2=(2Gc) with
respect to its nonrotating value. (Here, c is the cen-
tral density, G is the constant of gravity, and  is a
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dimensionless number of order unity [R95]). Their
spin-down causes a slow contraction. The relative
abundances of dierent particle species in reaction
equilibrium in the stellar core depend on the density,
and therefore the contraction gives rise to a \chem-
ical" imbalance, whose eect on the thermal evolu-
tion has been considered for the cores of neutron stars
(R95) and strange stars (Cheng & Dai 1996), as well
as for neutron star crusts (Iida & Sato 1996), in all
cases without superfluidity. In most of this section, I
concentrate on neutron star cores of standard compo-
sition (neutrons, protons, and electrons), in which di-
rect Urca reactions (n! p+e+e and p+e! n+e)
are allowed (Lattimer et al. 1991), and in which the
neutrons, the protons, or both are in the superfluid
state, with gap parameters n and p. Alternatives
are discussed below.
The chemical imbalance can be quantied by  =
n − p − e, where i are the chemical poten-
tials ( Fermi energies) of the three particle species
(i = n; p; e; note the opposite sign convention than
in R95). In non-superfluid matter, the diusion of
charged particles with respect to the neutrons is lim-
ited by proton-neutron collisions, with mean free time
pn  3  10−17T
−2
8 s (Yakovlev & Shalybkov 1990),
where T8  T=108 K. The time scale for protons
moving at their Fermi velocity, vFp  0:2c, to dif-




8 yr, much shorter than the evo-
lutionary time scale of a ms pulsar, ts > 10
8 yr. This
inequality is likely to become even stronger (or at least
not much weaker) if superfluid matter is considered
instead. Thus, the stellar core can be regarded as be-
ing in diusive equilibrium, with  constant through-
out the stellar core.
The reactions are suppressed by the superfluid
energy gap(s), so jj can at rst freely grow as
_ = −(q − 1=3)eΩ _Ω=(Gc), where q is another
parameter of order unity, dened as the logarith-
mic derivative of the symmetry energy with respect
to density (see R95 for details). For deniteness, I
will assume in the following discussion that q > 1=3,
so that the contraction produces a neutron excess
and a positive . As shown schematically in Fig-
ure 1, substantial reactions are only \turned on"
once n − n  p + p + e, i.e. when a neu-
tron just below the neutron energy gap is energeti-
cally allowed to decay into a proton just above the
proton energy gap, an electron close to the Fermi













































Fig. 1.| Schematic representation of the condition
for the occurrence of neutron beta decays (direct
Urca). (a)  < thr = n + p: Reactions not
allowed. (b)  > thr = n + p: Reactions al-
lowed.
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ergy. Once this threshold, thr  n + p, is ex-
ceeded in some region of the star (and for some spatial
direction, if one or both of the gaps are anisotropic),
the reaction rate in that region increases rapidly, pre-
venting further growth of . The threshold value
is reached once the star has lost a rotational en-
ergy Erot  1:4  1050(thr=0:1 MeV) ergs (as-
suming a moment of inertia I = 1045 g cm2), i.e.,
the total rotational energy of a star rotating with
P  12(thr=0:1 MeV)−1=2 ms. Therefore, only ms
pulsars are likely to ever reach this stage.
At all later times, the reaction rate is very nearly
as needed to keep the imbalance at threshold,  =
thr, and each reaction leaves a thermal energy
 thr in the stellar core, with a much smaller
amount escaping as neutrinos. The thermal energy
must eventually reach the surface of the star and be
radiated as thermal photons, with a bolometric lumi-
nosity






where N is the total number of baryons in the star,
and x is the proton fraction (x > 1=9 for direct Urca
reactions to be allowed). L is conveniently expressed
as a fraction of the total spin-down power, i.e., the
rotational energy loss per unit time, _Erot = IΩ _Ω.
For typical parameter values (see R95), L= _Erot  2
10−4(thr=0:1 MeV).
If x < 1=9, so that direct Urca reactions are for-
bidden by simultaneous energy and momentum con-
servation, the dominant reactions are modied Urca
reactions, in which an additional particle participates
(via strong interactions), carrying o the excess mo-
mentum (Chiu & Salpeter 1964). As long as no other
hadrons are present, this extra particle will be a neu-
tron or a proton, whichever has the smaller energy
gap, <, and the threshold chemical imbalance be-
comes thr  n + p + 2<. Otherwise, the dis-
cussion given for direct Urca processes goes through
unchanged. For modied Urca processes mediated by
other particles, such as kaons or pions (where thr
should be as in the direct Urca case), and in quark
matter (where superfluid quarks may take the place
of the superfluid nucleons), the eect should also be
similar, but with a somewhat later onset, due to the
more homogeneous composition of the stellar core.
For comparison, the steady-state luminosity of
non-superfluid neutron stars is given by L= _Erot 
4 10−5( _Erot=3 1033 ergs s−1)1=7 MeV if only mod-
ied Urca reactions are allowed, and much lower if
fast cooling processes are present (R95). Thus, su-
perfluid and non-superfluid neutron stars should be
easily distinguishable by this eect.
The whole discussion above is based on the as-
sumption that the particle species in the stellar core
can only achieve chemical equilibrium by reactions
occuring inside the core. However, as said above, the
particles can easily move throughout the star on time
scales much shorter than the evolutionary times of
ms pulsars. Thus, parts of any neutron excess in the
core can easily flow into the crust, where they can
be absorbed by nuclei. This process is opposite to
the neutron emission and absorption by nuclei in the
inner crust as its density changes due to the spin-
down process (Iida & Sato 1996). However, since
many more neutrons are available in the core than
in the crust, the former are likely to dominate and
completely change the nuclear chemistry in the inner
crust. Depending on the time scales and thresholds
for the relevant nuclear transformations in the crust,
this process may provide a shortcut for the chemical
equilibration and prevent the imbalance from grow-
ing as much as assumed in the previous sections and
in R95. This is clearly a subject that deserves more
study.
3. Application to observational data
In this section, I make a preliminary analysis of
the data available in the literature for eleven millisec-
ond pulsars observed (but in most cases not detected)
in the soft x-rays by ROSAT (Kulkarni et al. 1992;
Fruchter et al. 1992; Becker & Tru¨mper 1993; Dan-
ner, Kulkarni, & Thorsett 1994; Halpern, Martin, &
Marshall 1996; Halpern 1996; Becker et al. 1996; Ver-
bunt et al. 1996)1, in order to show how the thresh-
old chemical imbalance, thr, can be constrained by
observations. Given the limitations of the present
study (discussed in detail below), any given limit de-
termined here should not be taken too seriously, but
their combination gives an indication of what could
be done.
For pulsars that have not yet reached thr, the
chemical disequilibrium at the present time can be
approximated by
1I omit PSR B1620-21 from the analysis since no intrinsic period
derivative, _P , is available for it.
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MeV < thr; (2)
where t is the true age of the pulsar (more precisely,
the time since it left the chemical equilibrium state),
and magnetic dipole braking ( _Ω / −Ω3) has been as-
sumed. Alternatively, if the threshold value has been
reached,




where L is the bolometric luminosity of the pulsar,
and the inequality allows for additional heating or
other emission processes. For a given pulsar, it cannot
be assessed a priori which of these applies, so it can
only be asserted that either thr > 1 or thr <
2.
The parameters needed to estimate 2 are listed
in Table 1. Since all of these pulsars are heavily ab-
sorbed at the low-energy end of the ROSAT energy
band, 0:1 keV (which is of most interest for the present
application, since the eective temperatures turn out
to be quite low), it is important to have a good esti-
mate of the column density of neutral hydrogen along
the line of sight to the pulsar, NHI , in order to infer
the true luminosity from the observed counts.
The rst group of (seven) pulsars is at medium to
high Galactic latitudes, jbj > 15, therefore a rea-
sonable estimate of NHI is given by the velocity-
integrated 21 cm emission near the position of the
pulsars, which yields the values given in Table 1. For
all of these pulsars, this value is within a factor of
4 (and in three cases less than a factor of 1.15) of
the \rule of thumb" NHI = 10Ne, where Ne is the
electron column density inferred from the pulsar dis-
persion measure.
For the remaining four pulsars (with jbj < 7), the
21 cm emission maps do not give meaningful estimates
for NHI , since much of the emission is expected to
come from behind the pulsar, and much of it may be
optically thick. Therefore, I rely on the rule of thumb
mentioned in the previous paragraph for a crude es-
timate of NHI .
Given the estimates for d and NHI , and assuming
a ducial neutron star radius, R = 10 km, blackbody
spectra were folded through the ROSAT position-
sensitive proportional counter (PSPC) response func-
tion (Briel et al. 1994) and HI absorption in order to
nd the surface temperatures, TBB, giving the correct
count rates, and the corresponding ratios of bolomet-
ric luminosity to spin-down power, LBB= _Erot. For the
two pulsars observed with ROSAT’s high-resolution
imager (HRI) rather than the PSPC, the counts were
converted to equivalent PSPC counts by multiplying
by a factor of 10, a rough, but reasonable estimate,
given the similarity of the eciency curves at low en-
ergies (Briel et al. 1994). From these results, one
obtains the values of 2 given in Table 2. Relativis-
tic eects were neglected throughout.
Of course, the assumption of blackbody spectra
made above does not strictly apply. Realistic neu-
tron star atmosphere calculations (Rajagopal & Ro-
mani 1996; Zavlin, Pavlov, & Shibanov 1996) yield
spectra that depart substantially from a blackbody
with the same eective temperature, in most cases by
excess emission in the high-energy tail, compensated
by a decit at low energies. Since ROSAT only sees
the high-energy tail, this eect adds to the possible
presence of additional heat sources in the star and
of additional emission processes around it to make
the values obtained here overestimate the true eec-
tive temperature, luminosity, and 2. Thus, the con-
straints placed on the superfluid energy gaps by the
values of 2 in Table 2 are weaker than those which
would be obtained with a more complete and realistic
model.
On the other hand, the main diculty in estimat-
ing 1 is our nearly complete ignorance of the true
pulsar age, t. Varying it in the range 0 < t < ts
makes 1 sweep from zero to innity. Thus, as a
very rough approximation, I took t = ts=2, unless this
turned out larger than the age of the Galactic disk,
 9 Gyr (Liebert, Dahn, & Monet 1988, 1989), which
is the case for pulsars J2322+2057 and J2019+2425.
For these, I took t = 9 Gyr.
Better estimates of t should soon be available from
the luminosities of some pulsars’ white dwarf compan-
ions. At present, such estimates are uncertain and
controversial (e.g., Lorimer et al. 1995; Alberts et al.
1996), and have therefore not been taken into account
in this work. In addition, more accurate estimates
of t will be hampered by the complicated evolution-
ary history of ms pulsars (e.g., Bhattacharya & van
den Heuvel 1991). It is commonly believed that ms
pulsars have been spun up by accretion from their
binary companions. In this process, if the tempera-
ture does not increase enough to allow reactions to
restore equilibrium, the core material will attain a
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chemical imbalance opposite in sign to that resulting
from spin-down, which will grow up to the thresh-
old value, −thr. Once mass transfer stops, the star
starts spinning down. Now, this spin-down must rst
reduce the chemical imbalance to zero before it can
start building it up with the opposite sign. Thus,
from the end of the accretion phase until reactions
resume, the star must lose twice as much rotational
energy as would be the case if it had started in chem-
ical equilibrium.
Figure 2 shows the allowed regions thr > 1
and thr < 2 as black horizontal lines, leaving
the forbidden regions (if any) as blanks in between.
Though individual values of 1 and 2 can hardly
be trusted, this Figure shows that the current data
are in fact starting to probe the interesting range
0:1 MeV < thr < 1 MeV. In particular, if energy
gaps far above 1 MeV are considered to be excluded
by theoretical considerations, then the combination
of the 3 very fast pulsars, B1937+21, B1957+20,
and B1821-24, seems to give a fairly safe constraint
thr < 0:4 MeV (unless they are all much younger or
intrinsically much brighter than assumed here).
4. Discussion
The results of the previous section, though far from
conclusive in their present form, show that it might be
possible in the near future to use the present scheme
to put interesting constraints on the superfluid en-
ergy gaps in neutron star cores, assuming that all the
assumptions made in the model are correct.
Substantial additional progress can be made along
several lines:
1) The theoretical predictions will be made more
precise by considering state-of-the-art neutron star
models, their actual contraction due to spin-down,
all particle species present, possibly relevant neutrino
cooling mechanisms, and the eects of general relativ-
ity. Time dependence is likely to be irrelevant, and a
steady-state model should be sucient.
2) A detailed study of the interaction between the
chemistry of the core and the crust along the lines
discussed at the end of x2 should denitely be done.
This would show whether reactions in the crust might
provide a shortcut that prevents the growth of a sub-
stantial chemical imbalance in the core.
3) Deeper x-ray observations (with higher sensitiv-
ity and/or longer integration time) with better spec-
tral resolution should allow to eliminate much of the
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Fig. 2.| Constraints on the threshold chemical po-
tential dierence thr from preliminary analysis of
ms pulsar data. For each pulsar, thr > 1 or
thr < 2.
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non-thermal contribution to the flux, setting tighter
limits on the thermal portion and, perhaps, on the
amount of absorbing neutral hydrogen along the line
of sight.
4) The improved spectra should be tted by re-
alistic theoretical atmosphere models (Zavlin et al.
1996), rather than assuming blackbody spectra and
constraining them with the total count rates.
5) Measurements of the absorption of pulsar radio
flux in the 21 cm line of neutral hydrogen could im-
prove the estimates of the absorbing column density.
6) An independent limit on the thermal flux might
be obtained through optical observations of the Ray-
leigh-Jeans tail. The predicted fluxes are extremely
low, and in many cases the neutron star may be
fainter than its white dwarf companion, even in the
B and U bands. However, single millisecond pulsars
may be detectable with next-generation telescopes
with long enough integration.
7) Improvements of white dwarf cooling calcula-
tions may provide more secure age determinations for
ms pulsar-white dwarf binary systems. This would
help in estimating the initial rotational energy of the
pulsar, and therefore its expected chemical imbalance,
1.
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Upper bounds on the blackbody emission of ms pulsars observed by ROSAT
Name d log _Erot RPSPC b NHI kTBB LBB= _Erot References
[kpc] [ergs s−1] [10−3s−1] [] [1020cm−2] [eV] [10−3]
B1257+12 0.6 33.74  0.31 75 2.7  23  0.65 1, 2, 3
J1012+5307 0.5 33.50  5.5 51 0.75  25  1.6 4, 5, 6
B1534+12 0.7 33.28  1.0 48 3.6  29  4.7 1, 2, 3
J0437-4715 0.14 33.61 200. -42 1.9  33  3.7 1, 2, 7, 8
J2322+2057 0.8 33.15  0.2 -37 4.7  27  4.8 1, 2, 3
J0751+1807 2 33.80 3.6 21 4  49  12. 9, 10
J0281+4232 5.7 35.40 (21) -18 5  107  6.6 11, 12
J2019+2425 0.9 33.12  0.28 -6.6 5.3  29  6.8 1, 2
B1821-24 5.1 36.33 10.3 -5.6 37  109  0.84 1, 2
B1957+20 1.5 35.06 2.0 -4.7 9  53  0.87 1, 2
B1937+21 3.6 36.04 ( 6.6) 2.3 22  89  0.73 2, 12
Note.|Columns: 1. Pulsar name. 2. Adopted distance. 3. Logarithm of the spin-down power, assuming
a moment of inertia I = 1045g cm2. 4. ROSAT PSPC count rate (numbers in parenthesis were inferred from
HRI observations; see text). 5. Galactic latitude. 6. Adopted column density of neutral hydrogen along the
line of sight to the pulsar. 7. Highest blackbody temperature of a spherical object of 10 km radius at the
adopted distance compatible with the detected count rates (or upper limits) and the adopted HI column
density. 8. Ratio of the blackbody luminosity to the spin-down energy. 9. References for the numbers in
columns 1-6: (1) Danner et al. (1994); (2) Taylor et al. (1993); (3) Burstein & Heiles (1978); (4) Nicastro et
al. (1995); (5) Lorimer et al. (1995); (6) Halpern (1996); (7) Bell et al. (1995); (8) Heiles & Cleary (1979);
(9) Lundgren et al. (1995); (10) Becker et al. (1996); (11) Navarro et al. (1995); (12) Verbunt et al. (1996).
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Table 2
Constraints on thr from ms pulsars observed by ROSAT
Name P ts 1 2 References
[ms] [Gyr] [MeV] [MeV]
B1257+12 6.2 3.2 0.47 0.33 1
J1012+5307 5.3 7 0.64 0.8 4, 5
B1534+12 37 0.2 0.013 2.4 1
J0437-4715 5.7 5 0.55 1.4 7
J2322+2057 4.8 21 0.59 2.4 1
J0751+1807 3.5 8.2 1.5 5.8 9
J0281+4232 2.3 0.5 3.4 3.3 11
J2019+2425 3.9 27 0.59 3.4 1
B1821-24 3.1 0.03 1.9 0.42 1
B1957+20 1.6 2.1 7.0 0.44 1
B1937+21 1.6 0.2 7.0 0.36 2
Note.|Columns: 1. Pulsar name. 2. Radio pulse period. 3.
Characteristic (spin-down) age, ts = P=(2 _P ). 4. 1 (dened in
the text), as calculated from the data in columns 2 and 3. 5. 2
(dened in the text), as calculated from the data in Table 1. 6.
References for the numbers in columns 2 and 3, as listed below
Table 1.
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